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Abstract 
The propagation of domain walls in polycrystalline Co nanowiresgrown by focused-electron-
beam-induced depositionis explored. We have found that Ga+ irradiation via focused ion beam 
is a suitable method to modify the propagation field of domain walls in magnetic conduits. 
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Magneto-optical Kerr effect measurements show that global Ga+ irradiation of the nanowires 
increases the domain-wall propagation field. Additionally, wehave observedby means of 
scanning transmission X-ray microscopy that it is possible to produce substantial domain-wall 
pinning via local Ga+ irradiation of a narrow region of the nanowire.In both cases, Ga+doses of 
the order of 1016 ions/cm2 are required to produce such effects. These results pave the way for 
the controlled manipulation of domainwalls in Co nanowires via Ga+ irradiation. 
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1. Introduction 
Tailored magnetic nanostructures are currently at the core of several existing 
applications in magnetic storage and sensing [1-3]. Further applications of magnetic 
nanostructures are being intensively explored such as those related to the manipulation of 
domain walls. For instance, proposals have been put forward for their use in magnetic logic 
devices [4], in the racetrack memory [5] or for biotechnology applications [6]. All these devices 
rely on magnetic domain wall conduits, where the propagation field is lower than the nucleation 
field, making possible the motion and manipulation of domain walls by applying external 
magnetic fields [7]. Additionally, domain walls can be propagated in wires by means of 
electrical current pulses [8-10].  
Some methods have been explored to allow the manipulation of domain walls in such 
magnetic domain wall conduits. Artificial notches [11], artificial arms [12], localized stray 
fields [13] or electric fields [14, 15] have been reported to modify the propagation of domain 
walls, thus being potential elements in future magnetic circuits. Ion irradiation produces 
substantial changes in the magnetic anisotropy of magnetic materials, as extensively shown in 
materials with perpendicular magnetic anisotropy [16-22] and to a lesser extent in materials 
with in-plane magnetization [23-25]. Thus, ion irradiation is a promising route to tailor the 
propagation of domain walls in magnetic domain wall conduits. Ga+ FIB irradiation has been 
recently proposed as a route to create shift registers based on magnetic domain wall ratchets 
with perpendicular anisotropy [26]. 
In the present article, we report a detailed study of the use of Ga+ irradiation in order to 
modify the propagation field of domain walls in Co nanowires grown by focused-electron-
beam-induced deposition (FEBID). For the growth of the nanostructures presented hereafter, 
Co2(CO)8 is used as the gas precursor. A Scanning Electron Microscope activates the molecule 
dissociation, forminga nanopatterned Co nanostructure with the desired shapein a single 
lithography step [27].In the following, we present two different routes to explore the 
modification of domain wall propagation fields. First, L-shaped nanowires are globally 
irradiated and the modification of the domain wall propagation field is measured by means of 
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Magneto-Optical Kerr Effect (MOKE) [28]. These results allow us to estimate the ion doses 
required for pinning domain walls in this material.In the second route, a narrow central area of a 
long nanowire is irradiated, and the pinning of a domain wall at that area is imaged by means of 
Scanning Transmission X-ray Microscopy (STXM) [29].  
 
2. Experimental Section 
Sample growth and subsequent Ga+ irradiation(without breaking the vacuum) were 
performed inside a commercial Helios 600 Dual Beam system, which combines a Scanning 
Electron Microscope (SEM) and a Focused Ion Beam (FIB). The base pressure in the chamber 
is 10-6 mbar. For the growth of Co nanostructures, a gas-injection system heated to 27º C allows 
the introduction of the Co2(CO)8precursorin the proximity of the working area. The nozzle tip 
through which the gas is released is located 50 µm above the substrate and 150 µm off the 
central working area. The deposit grows on the areas scanned by the SEM, this technique being 
known asFEBID [27]. It was previously shown that functional polycrystalline Co nanostructures 
can be grown by this technique [30], with Co content above 95% [31] and with a resolution of 
30 nm [32, 33]. The Co nanostructures shown in the present work have been grown using the 
following parameters: process pressure = 1.9·10-5 mbar, beam voltage= 10 kV, beam 
current=2.7 nA. 
Hereafter, the two different types of samples studied are described.In the first 
type,sketched in figure 1 and named “Route 1”, Si substrates are used. The first step consists of 
the growth of L-shaped Co wires ending on both sides with a pointed shapeto avoid nucleation 
of domain walls at the ends. This “L” shape is suitable for the systematic investigation of 
propagation fields in nanowires [34, 35]. Three batches of samples were prepared, 
corresponding to three different nanowire widths.As measured by AFM, the width of samples in 
batches 1, 2 and 3 before ion irradiation are respectively,on average, 310 nm, 370 nm and 490 
nm. The thicknesses measured by atomic force microscopy (AFM) are respectively 72 nm, 70 
nm and 84 nm for batch 1, 2 and 3.In a second step, the nanowire is globally irradiated by Ga+ 
FIB. The beam voltage and current used for the irradiation are respectively 30 kV and 48 pA (93 
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pA for high ion irradiation doses). Each batch contains 18 samples, created with varying Ga+ 
dose,up to 1.25x1017ions/cm2. The propagation field of domain walls in these samples was 
subsequently investigated using MOKE. For that, a high magnetic field is applied at +45º 
degrees (see figure 1), which saturates the magnetization of the two arms, creating a domain 
wall at the corner. Afterwards, the applied magnetic field is set to zero and, subsequently, only a 
horizontal negative magnetic field is applied (which is parallel to the long arm), moving the 
domain wall to the right side at the propagation field. The switching of the magnetization in the 
long arm of the structure is then detected as the laser beam is focused on it [35]. Similarly, the 
complementary magnetic cycle is built by applying the saturating magnetic field at -45º, setting 
the magnetic field to zero and applying a horizontal positive magnetic field. 
For STXM experiments, we used a different geometry, since only unidirectional 
magnetic fields can be applied. The name given in figure 1 to this approach is “Route 2”. 50 
nm-thick Si3N4 membranes were used as substrates to allow sufficient x-ray transmission. The 
cobalt thickness on the Si3N4 membranes is roughly 45 nm. In this approach, the first step 
consists of the growth of long Co wires (length= 15 µm, width=250 nm) with a pointed end on 
the left and an oval shape on the right side to facilitate the nucleation of a domain wall and its 
subsequent injection in the nanowire [36]. In a second step, a narrow area(width = 250nm)of the 
central part of the nanowire is irradiated by Ga+ FIB. The beam voltage and current used in 
these experiments are respectively 30 kV and 1.5pA (9.8 pA for high irradiation doses). Several 
samples were prepared with Ga+ doses ranging from 1.87x1013 ions/cm2up to5.97x1016ions/cm2. 
The magnetization reversal in these samples was subsequently imaged by STXM. These 
measurements were carried out at beamline 11.0.2 of the Advanced Light Source, Lawrence 
Berkeley Laboratory [29]. Soft x-rays are focused on the sample with a spot of ≈30 nm. The x-
ray beam is scanned on the sample and the transmitted signal is measured. The L3 absorption 
edge of cobalt, at 778 eV, is used in the experiments. The samples are tilted 30º with respect to 
theplane perpendicular to the x-ray beam in order to be sensitive to the in-plane magnetization 
[37]. 
6 
 
The magnetization reversal is imaged due to the magnetic contrast arising from the x-
ray magnetic circular dichroic contribution to the total signal. The experiments are performed at 
a fixed polarization and varying the external magnetic field. The magnetic image at a given field 
is obtained by digitally subtractingthe image at magnetic saturation. Thus, the grey scale 
corresponds to the changes in the x component of the magnetization. Black (white) contrast 
means that the magnetization is negatively (positively) saturated. 
 
3. Results  
 
3.1. Global Ga+ irradiation of L-shaped Co nanowires 
SEM images of the L-shaped nanowires, before and after global Ga+ FIB irradiation, are 
shown in figures2(a) and 2(b) respectively. The morphology changes produced by Ga+ 
irradiation are clearly noticeablein this particular nanowire due to the high irradiation dose 
of3.11x1016 ions/cm2. Ga+ irradiation is known to produce changes such as material etching, Ga 
implantation, microstructural modifications, etc. A detailed investigation of these changes will 
be the subject of a future publication as it requires specific transmission electron microscopy 
studies beyond the scope of the present manuscript [38]. 
The domain wall propagation field of the nanowires has been systematically studied by 
MOKE for the three batches, as described above. As an example, we show in figure 3 individual 
MOKE hysteresis loops corresponding to batch 1. At a low irradiation dose, 0.147 x 1016 
ions/cm2, see figure 3(b), it can be noticed that the propagation field as well as the absolute 
value of the Kerr signal remain similar to the non-irradiated nanowire, shown in figure 3(a). 
This indicates that such a low dose does not significantly affect the sample morphology or the 
magnetic properties of the nanowire. The situation is different for a nanowire with anion dose 
ten times higher, 1.56 x 1016 ions/cm2. As shown in figure 3(c), in this case the propagation field 
has increased by about 50% and the absolute value of the Kerr signal has decreased by a factor 
of three. These facts point towards significant changes in the morphology and the magnetic 
properties of nanowires with Ga+ irradiations for that range of doses. The same trend is readily 
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noticeable for a nanowire with an irradiation dose of 6.23 x 1016 ions/cm2, shown in figure 3(d), 
where the propagation field has increased by a factor of three with respect to the original non-
irradiated nanowire. Also, the absolute value of the Kerr signal is only one sixth of the original 
value. The magnitude of the Kerr signal is not a direct measurement of the magnetization of the 
material probed [39]. However, the decrease observed upon FIB irradiation is a good indication 
of the expected decrease of the magnetization with Ga+ bombardment. 
The set of results obtained for the three batches studied is summarized in figure 4. In all 
cases, and beyond the expected statistical distribution of values, we observe a clear increase of 
the propagation field with Ga+ dose. The figure shows that a globalirradiation doseof 4 x 1016 
ions/cm2typically produces an increase in the domain wall propagation field of about 100%.We 
anticipate that Ga+ irradiation doses above that value arerequired to produce domain wall 
pinning in nanowires when a local Ga+ irradiation is performed, as shown below. 
 
3.2 Local Ga+ irradiation of Co nanowires  
 
This approach, assketched in figure 1, consists on the Ga+ irradiation of a narrow central 
area of the nanowire, aiming at the effective pinning of a domain wall, as it propagates from the 
pad to the other extremity of the wire. As shown in section 3.1, a Ga+ irradiated area presents a 
higher domain wall propagation field. Thus, a domain wall moving from the oval pad located on 
the right towards the left side is likely to become pinned at the irradiated central part of the 
nanowire.  Previously, it was demonstrated that FIB irradiated areas in Permalloy films become 
effective pinning places for domain walls [23]. The mechanisms behind this effect can be 
manifold and depend on several parameters but morphological changes produced by the 
irradiation were found to be relevant [23]. 
Several devices with varying irradiation doses were imaged by STXM. For 
dosesbelow4x1016 ions/cm2, no effective pinning at the irradiated area was observed. In that 
case, the domain wall is injected from the oval pad into the nanowire and travels immediately to 
the left end. However, for doses above 4x1016 ions/cm2, we observed that the domain wall 
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become effectively pinned at the position where the FIB process was applied, as shown in figure 
5. In that figure, one can observe that at +48 Oe the oval pad has reversed its magnetization 
except in the topmost part, thus being ready to inject a domain wall into the nanowire. At +50 
Oe, a domain wall is injected in the nanowire and becomes pinned at the irradiated area. At +64 
Oe the full nanowire magnetization is reversed, most likely due to the domain wall depinning 
from the area where it was trapped. Renucleation from the left side of the wire cannot discarded 
but is unlikely, as experiments in similar wires without pad show higher nucleation fields. 
In figure 6 another interesting sample is shown, where the irradiation dose is 5.97x1016 
ions/cm2. In this case, a domain wall is injected from the oval pad at +10 Oe. The domain wall 
getsfirst pinned at a random defect located before reaching the irradiated region. The defect is 
clearly visible in the STXM images. The domain wall remains pinned at this position before a 
magnetic field of +52 Oe is applied, when it becomes depinned and travels to the left, getting 
pinned at the artificial trap created by the FIB. It remains pinned there until a magnetic field of 
+56 Oe is applied, where the full length of the nanowire has reversed its magnetization. 
Summarizing the results obtained in these two samples, one can conclude that local Ga+ 
FIB irradiation can be an effective way to create artificial domain wall traps in Co nanowires 
grown by FEBID. The threshold dose to produce such pinning is about 4x1016 ions/cm2. 
 
3 Discussion 
 
Ion irradiation is becoming a powerful technique to modify the magnetic properties of 
nanostructures, sometimes creating novel and exciting devices [26]. Present technologies such 
asGa+ FIB irradiation used here allow local ion irradiation at the level of a few nanometers, 
giving rise to specific magnetic nano-patternings with high resolution and potential integration 
for applications in magnetic storage and sensing [17, 27]. The use of focused ion irradiation to 
create a pinning landscape and eventually manipulate domain walls in magnetic conduits is 
starting to be considered as an alternative route to other more conventional approaches.On the 
other hand, the FEBID technique is a candidate to become the ultimate-resolution 
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nanolithography technique. Indeed, 3 nm dots have been grown inside a scanning electron 
microscope [40]. We have recently shown that it is possible to grow functional Co-based 
ferromagnetic nanowires using FEBID [35, 41], reaching so far 30 nm resolution [32].  
To our knowledge, the work presented here is the first attempt to combine inside the same 
process chamber the growth of ferromagnetic conduits and subsequent ion irradiation. In just 
two steps it is possible to create ion-irradiated ferromagnetic nanostructures without the 
difficulty of using resist and keeping high-vacuum conditions all the time. As a consequence, 
net advantages of this approach are the short total process time and the minimization of any 
potential contamination. 
Hereafter, we discuss the possible origin behind thedomain wall pinning produced by local 
irradiation as well as the increase of propagation fields observed by global irradiation.The 
system studied here, Co nanowires with in-plane magnetization, is substantially different from 
most of previous studies, which focused on films or wireswith perpendicular magnetic 
anisotropy (PMA). In the PMA case, low Ga+ irradiation doses, ≈1013 ions/cm2, promote 
interface mixing, resulting in a substantial decrease of PMA [16]. However, for in-plane 
magnetized materials such as Permalloy films, previous studies reported thatthe dose required 
for domain wall pinning is substantially higher, ≈1016 ions/cm2[23]. The experiments performed 
here show that doses in the same range are necessary to pin domain walls in polycrystalline Co 
nanowires grown by FEBID.  
For these high dose values, the high energetic ions are expected to produce substantial 
modification in the material such as etching of the exposed area, Ga implantation at (and 
around) the exposed area, or creation of defects, which will likely diminish the sample 
magnetization. Ozkaya and co-workers have also reported changes in the sample grain size and 
the lattice parameters [23], whereas other authors report amorphization effects [42, 43].All these 
factors will alter the energy landscape sensed by a moving domain wall, with all terms, 
anisotropy, magnetostatic, magnetoelastic, and exchange energy being modified. In order to 
discern which effect is predominant, it is necessary to know in detail the exact morphological 
changes produced in these Co nanowires when irradiated, which is currently in progress and 
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will be published elsewhere [38].The first results indicate that the global Ga irradiation (route 1) 
produces the following effects in our samples. First, etching of the halo around the deposits as 
well as the creation of a top-surface shell with larger cobalt grain size are observed. As the Ga 
irradiation further proceeds, the volume and thickness of the wires is significantly decreased 
whereas the roughness increases. These effects correlate with the following features 
observedwith increasing Ga irradiation: the decrease of the absolute value of the MOKE signal 
and the increase in the domain-wall propagation field. The morphological changes induced by 
the Ga irradiation will cause domain-wall pinning, perturbing the domain wall propagation, 
which will require higher magnetic fields. 
 
4 Summary and conclusions  
 
Summarizing, we have grown cobalt domain wall conduits by focused-electron-beam-
induced deposition (FEBID) and subsequentlyirradiated them using Ga+ FIB irradiation. By 
performing a systematic study of how the propagation fields of domain walls change with the 
ion dose, we have found that doses in the range of 1016 ions/cm2 are required for an effective 
pinning of domain walls. This effect has been observed in both, L-shaped Co nanowires under a 
global Ga+ FIB irradiation, as well as in locally irradiated linear Co nanowires, where the 
trapping of domain walls was directly imaged. The conditions and strategies for future 
engineering of ion-irradiated magnetic conduits based on Co nanowires grown by FEBID have 
thus been established. 
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Figure captions: 
 
 
Figure 1. Sketches of the two different routes followed for the investigation of the influence of 
Ga+ FIB irradiation on the domain wall propagation in Co nanowires grown by FEBID. (a) 
Route 1: global Ga+ FIB irradiation.(b) Route 2: local Ga+ FIB irradiation. See text for detailed 
explanations. 
 
Figure 2. SEM images of an L-shaped nanowire before and after global Ga+ FIB irradiation, 
with a dose of 6.24x1016ions/cm2. 
 
Figure 3. MOKE hysteresis loops of L-shaped nanowires (batch 1) under increasing irradiation 
dose. 
 
Figure 4. Domain-wall propagation field as a function of irradiation dose for three different 
batches of L-shaped nanowires. 
 
Figure 5. STXM sequence of images of the magnetization reversal in one of the devices with 
local Ga+ FIB irradiation (irradiation dose of 4.48x1016ions/cm2). 
 
Figure 6. STXM sequence of images of the magnetization reversal in one of the devices with 
local Ga+ FIB irradiation (irradiation dose of 5.97x1016 ions/cm2). A random defect is able to 
pin the domain wall before reaching the central area of the nanowire. 
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FIGURE 6 
 
 
 
